Abstract. The helix-turn-helix domain-containing family of transcriptional regulators is of ancient origin and has been incorporated into numerous disparate biological processes. As a consequence, the forces shaping its early evolution have been difficult to reconstruct. Herein, we analyze this large and diverse family with a combination of traditional phylogenetic techniques and newer sequence analysis tools to determine whether the helix-turn-helix family arose from a single common ancestor. Our analyses of the DNA-binding domain show that amino acid chemistry is conserved at many sites in the first helix and the turn. The high level of divergence combined with the short length of the domain hinders robust reconstruction of the entire phylogeny, but some level of deep node inference is possible. All analyses point to a predominantly monophyletic origin for the helix-turn-helix domain. The consequences of such an origin for a diverse group of proteins, and guidelines for the identification of future members of the HTH family are discussed.
Introduction
The helix-turn-helix (HTH) multigene family forms one of the largest and most diverse protein families. Linked through the possession of a short DNA binding region from which the group derives its name, this multigene family has become a popular target for evolutionary studies at all phylogenetic levels. HTH proteins regulate transcription of numerous processes in all phyla of organisms. Functions include cell proliferation, establishment of DNA structure, developmental regulation, maintenance of circadian rhythms, movement of DNA, regulation of a myriad of bacterial operons, and initiation of transcription itself.
HTH proteins are one of several ancient groups (i.e., leucine zipper, helix-loop-helix, zinc finger) for which only the active domain shows strong similarity between all members of the family. Outside of the DNA binding domain there is near-maximal divergence in both amino acid sequence and structural elements. Additional ␣-helices, ␤-sheets, and ␤-barrels have all been found flanking the domain in various HTH-containing proteins. HTH domains have also been found in association with both zinc fingers (Wang and Grossman 1993) and leucine zippers (Zhang and Patil 1997) . Combining unrelated domains in a single protein can suggest that one or both of the domains has arisen de novo in the protein (polyphyly) or that a domain or exon shuffling event has occurred. In fact, polyphyly and domain shuffling, along with monophyly (Sauer et al. 1982) , and convergence (Ollis and White 1987) have all been hypothesized to explain the early origins and divergence of the HTH family. Currently, none of these hypothesis has gained broad acceptance. Therefore, there is a great need for a comprehensive evolutionary study of this multigene family, with an emphasis placed on identifying homologous members and deciphering the early evolution of the family.
Because of the diversity of HTH proteins, evolutionary studies have more frequently concentrated on diversity within the approximately 23 major evolutionary lineages, or clades (e.g., Rosinski and Atchley 1998; Nguyen and Saier 1995; Sun et al. 1997; Ruddle et al. 1994) , as opposed to studies across all known clades. The reasons for concentrating within clades are obvious. HTH clades (Table 1) are of relatively recent evolutionary origin. They include well-known protein groups such as homeodomain proteins, lactose repressors, myb protooncogenes, factors, and others. Clades exhibit high sequence, structural, and functional similarity across the entire protein sequence. Within clades, location of the HTH motif and other active domains is conserved. Finally, DNA binding specificity is maintained within clades but is rarely, if ever, conserved across clades. These features are not seen in the family as a whole. As a consequence, little primary sequence-based analysis has been attempted across the entire family.
While within clade studies are important, it is also very important to try to understand how (and if) all of these clades are related. Resolving this problem is difficult. Similarities in tertiary structures and functions can form the basis of a hypothesis of common ancestry, but only primary sequence analysis can prove this hypothesis. Subsequently, comprehensive studies of the primary sequence of this family are necessary to answer questions on the early evolution of the transcriptional complex and its integration into complex regulatory pathways. Herein, we describe a series of phylogenetic analyses that explore the interrelationships among the HTH proteins. In these analyses, we wish to test the null hypothesis that the HTH proteins form a natural monophyletic evolutionary lineage with an identifiable common ancestor. Alternatively, similarity may only be the result of convergence on a similar tertiary structure. Additionally, we wish to explore the possibility of a relationship between the HTH proteins and the structurally and functionally similar proteins. A well-supported evolutionary characterization of the HTH-containing proteins may shed light on these and other questions about the early evolutionary history of this diverse family.
Characteristics of HTH Proteins
Over 1100 identified sequences are conjectured to belong to the HTH family based on primary sequence similarity, secondary structure, tertiary structure, or functional analyses. Sequence divergence between reputed HTH sequences is immense. All HTH proteins share a site-specific DNA-binding domain composed of two ␣-helices separated by a short, variable-length turn. This structural motif is the basis of functionality of the protein, binding along the major groove of the target DNA molecule. The first helix nonspecifically associates with DNA, allowing correct positioning of the second helix. The second helix recognizes and binds to a specific consensus sequence along the major groove of the DNA molecule (Brennan and Matthews 1989) . The turn motif typically contains 3 or 4 amino acids but can extend to longer "winged" turns containing as many as 21 amino acids. These winged turns will participate with the helices in the DNA binding reaction (Harrison et al. 1994) . Many members contain a third helix that has been shown to have a minor role in DNA binding (Wintjens and Rooman 1996) . Relaxation of DNA binding is commonly accomplished allosterically through an autoregulatory loop.
Many members of the family, particularly the bacterial regulators, are active as homodimers or homotetramers. The dimerization domains of these proteins are separate from the HTH motif itself. The total length of the proteins ranges from 60 amino acids in viral homologues to over 700 in factors and eukaryotic proteins. The location of the HTH motif varies from the amino to the carboxyl terminus. Additionally, some members have been hypothesized to contain tandem HTH motifs (Francklyn and Lee 1988) .
Materials and Methods
All analyses are restricted to the DNA binding motif alone (22-40 amino acids). This is done for two reasons. First, the HTH motif is the most conserved region across all relevant proteins and therefore should contain the most phylogenetic information. Second, the HTH motif is the only potentially homologous region available. Restriction of the data set does have the side effect of reducing the ability to make phylogenetic inferences from the data.
Restricting the analysis to the HTH motif itself also makes correct identification of the boundaries of the motif critical. Accurate delineation of the HTH motifs within large proteins is a difficult process. These difficulties stem from the fact that motifs typically are predicted either by secondary structural analysis or by similarity to other wellcharacterized motifs, rather than by molecular analyses. Further, motif identification is complicated by their short length. Analyses of small subsets of a longer sequence can raise valid questions about sampling bias and evolutionary convergence. Ideally, lengthening the query sequence should produce more accurate searches. However, this may be impossible if the conserved motif is the only similarity remaining after considerable evolution and diversification.
While motif identification problems are obviously an issue in this analysis, the HTH family fortunately contains many experimentally defined clades, making motif identification a much simpler process. Clades in the HTH family average over 50 members and have high sequence similarities across the entire sequence. Further, structural information within these subgroups is often available from nuclear magnetic resonance (NMR) or X-ray crystallographic work. Thus, it is possible to use full-length sequences to classify robustly HTH proteins into clades. Then it is simple to use available tertiary structures to identify the HTH motif and extrapolate it to other members of the clade. Taking advantage of the within-clade similarity results in the robust identification of all members of each HTH clade.
Determination of Homology
Typical phylogenetic analysis uses multiple sequence alignment to determine evolutionary similarity between sequences. From this alignment homology is inferred. While this procedure is effective for closely related sequences, it violates the assumptions of sequence alignment. One basic assumption of alignment is that the sequences aligned are known to be homologous a priori. Nonhomologous sequences should not be aligned, as that would suggest a common derivation for the aligned sites. Aligning without known homology is especially inappropriate when sequences are at the limits of distinguishable similarity.
Because of this, we have chosen to begin by identifying homologous sequences within the HTH family. Identifying homologues among a group of sequences with highly divergent primary sequences but very similar tertiary structures is a challenge. The primary sequence of amino acids obviously has a strong bearing on tertiary structure. For example, proteins hypothesized to contain a putative HTH structural motif may contain certain amino acids more often than expected due to the functional constraints imposed on a DNA binding domain. All HTH motifs must be largely hydrophobic to allow formation of two helical structures and contain charged residues to bind to DNA. In general, similar tertiary structures will have similar amino acid composition. However, it has been observed that for simple tertiary folds, sequences can bear remarkable structural similarity in the absence of homology (Russell et al. 1998) . When identifying homology, the goal is to find sequences whose order and position of amino acids are greater than one would expect for sequences of identical amino acid composition. Brennan and Mathews (1989) have suggested that use of random, jumbled, or unrelated sequences can distinguish between homology and random similarity caused by similarities in amino acid composition (Fitch and Smith 1983) . Following this suggestion, we employed a sequence shuffling technique that will eliminate the effects of amino acid compositional bias. For each pair of sequences, one sequence was held constant, while the other was randomized. This procedure was repeated 1000 times. The distribution of alignment scores was fit to an extreme value distribution (Pearson 1988) and P values were determined to describe probability that the observed alignment score was a member of the distribution generated by the random sequences. Rejection of the hypothesis results in the conclusion that the proteins are "significantly similar." Such statistically significant similarity can be used to support the hypothesis the two proteins shared a common ancestor. Through shuffling, we can determine if the similarity seen is significantly greater than expected for random sequences of the same amino acid composition.
For the shuffling analysis a motif of 37 amino acids was used. The individual motifs were chosen as characteristic of the 23 clades of the entire family (Table 1) . After shuffling, the matrix of P values was examined for "significant relationships" between pairs of proteins, defined as pairs of proteins with an amino acid sequence similarity of at least 15% and a significant difference from the random shuffled alignments at the 5% level. Additionally, the clades were examined for so-called two-connected comparisons. These represent networks of proteins with significant relationships not destroyed by the removal of any one connection (such as A similar to B, B to C, and C to A).
The analysis consists of 276 multiple comparisons on 23 sequences. This suggests that a multiple-comparison adjustment should be made; however, this is an issue only if the goal is to determine the experimentwise error rate (the critical value necessary to assume no rejection errors). If it was, we would need to adjust our P values to account for the number of comparisons. However, we are concerned only that we exceed the number of false positives expected randomly. For 276 comparisons a simplistic estimate of the number of expected rejections would be about 14 (276 comparisons * 0.05 ␣ level). However, as shown in the Results we observe 60 significant rejections. Here is where the two-connected network becomes important. Some of the significant comparisons may be false rejections, but by requiring two significant relationships at each clade, and assuming that all clades are equally likely to generate false rejection, we expect that false rejections will have a minimal effect on the final conclusions. One side effect is that we lose the ability to speak of individual relationships as significant in the absence of other data, as any single relationship may be false. When two-connected networks were found, it was then assumed that all members of the represented clades shared a common ancestor. Using a two-connected network analysis on these data becomes an effective way to control for the multiple comparisons inherent in this type of study and can form the basis for a crude classification scheme, if multiple two-connected networks are found.
Structural Prediction
Secondary structure predictions were conducted using the profile-based neural network method of Rost (1996) . Both the secondary structure (i.e., helix, sheet, or loop) and the solvent accessibility (buried, exposed, and intermediate) were calculated based on the aligned data used in the shuffling analysis. This method of secondary structure prediction has been shown to have an accuracy of over 70%, with most inaccuracies occurring at the boundaries of the secondary structure elements (Rost 1993) . Solvent accessibility predictions have been shown to have a 58% correlation between observed and predicted values, with the majority of errors occurring in the intermediate category, where neither buried nor exposed can be predicted (Rost 1994) .
Phylogenetic Analysis
Phylogenetic analyses were conducted on the alignments of the entire HTH family (five randomly chosen sequences from each clade) and all known sequences of each of the subgroups. Only subgroups found to be homologous in the shuffling analysis were aligned and used in the phylogenetic analysis. Alignments were approximated first by Clustal X (version 1.5b) (Thompson et al. 1997) , followed by manual improvement by eye. Phylogenies were estimated using the neighbor-joining method (Saitou and Nei 1987) , distances are calculated as the simple number of amino acid difference between pairs of sequences, and Kimura's (1983) correction for multiple substitutions has been applied. One thousand bootstrap replications were performed on the neighbor-joined trees to measure the statistical reliability of the topology. For comparison, the phylogeny of the entire HTH family was also generated with the maximum-parsimony method using a heuristic search (stepwise addition). Gapped sites were included when possible in all analyses (gapped sites were omitted only in pairwise comparisons).
Results and Discussion

Results of the Sequence Shuffling Procedure
The sequence shuffling procedure (Fig. 1 ) reveals numerous significant relationships. Nineteen of the 23 subgroups form a single large two-connected group. The four unrelated clades are the frequency proteins, invertases, transposases, and histone H4. These four groups are highly similar within their respective clade but show no relationship to HTH proteins as a whole. In general the eukaryotic proteins exhibited fewer significant relationships than the bacterial proteins. The myb and 54 proteins have only two connections each, placing them at the lower bound for the two-connected network.
Alignment of the HTH Family Members
The alignment of the HTH domain of 95 family members from the 19 clades in the two-connected set is shown in Fig. 2 . Histone H4 sequences were also included for comparison, although this inclusion is not intended to suggest homology. From this alignment, some things are immediately apparent. First, even in this short conserved region, divergence throughout the family is great. Few sites have a single amino acid residue conserved in the majority of sequences. Most conservation is seen at the level of the amino acid functional group. Amino acid functional conservation signifies that selection is acting on the higher-order structure, or the chemical property of the site, or possibly both. Given the extreme amount of time that has undoubtedly passed since the common ancestor, it is probable that remaining similarity signifies the importance of the site to both DNA binding chemistry and the structure of the motif.
The position of the turn in the alignment was somewhat surprising. Instead of the variability in the length of the turn translating into large gaps in the middle of the alignment, the turn portions of the alignment are predominantly linear and gap-free. This results in the second helix of the motif of the shorter turn groups (paired, CAP, and Cro) aligning to the carboxyl end of the turn of longer turn groups (LexA repressor, LacI, and Myb, for example). This suggests that the variation in the length of the turn is not the result of insertions and deletions in the turn element but, rather, the result of a reestablishment of the boundaries of the helix and turn elements in functioning HTH motifs.
Fourteen sites were conserved to either a single amino acid residue or an amino acid functional group (i.e., hydrophobic, acidic, etc.). Using this fact, we can summarize the sequence of the HTH motif as a characteristic signature of the sequence (Fig. 3) . Hydrophobic residues predominate at 6 of the 14 conserved sites. The only completely conserved sites are an alanine in the first helix and a glycine residue at the start of the turn. Four residues are constrained to either basic or acidic residues, and two residues in the turn strongly favor a residue with a hydroxyl moiety. All but two of the conserved positions reside in the first helix and the turn. The unanticipated lack of similarity in the second helix is curious until viewed in conjunction with the function of the three structural elements. The first helix is responsible for nonspecific binding of DNA and the second accomplishes the specific binding to the promoter. Each of the different HTH clades binds a different DNA consensus sequence; as such, we would expect that the only regions required to maintain similarity would be the first helix and the turn elements. Within clades (which commonly share a binding sequence), there is much conservation in the second helix. Divergence is favored between clades, allowing for the binding of new consensus sequences with strong stabilizing selection within clades maintaining each specific binding type. residues in a site which share a common chemical property (e.g., basic, hydrophobic, etc.) share formatting (boldface, boldface italic). The location of the turn motif as identified by crystal structures is designated by an underline.
The fit to the sequence signature (Fig. 4) shows that what has been defined as a HTH protein may not resemble other proteins in the family. Each sequence in the 95-sequence database has on average about four mismatches (X ‫ס‬ 4.29), with a minimum of zero (AsnC homologues) and a maximum of nine (Lambda Cro homologue). The distribution is slightly skewed right, with most sequences (70%) having between four and six mismatches from the sequence signature. In a similar analysis of the helix-loop-helix proteins, lower numbers of mismatches were required to capture nearly all of the known family members (Atchley et al. 1998 ). This further illustrates the extreme amount of divergence seen in this family and demonstrates the difficulty inherent in identifying members based on primary sequence alone.
Structural Predictions
Predictions of structural elements (Fig. 2, first two rows) show the expected patterns. Both helices are predicted strongly and correctly; the turn region is predicted as well, but there is some uncertainty in the boundaries of the turn. This is not surprising, as the length of the turn is not constant across all of the sequences in the dataset. Many sites are confidently predicted to the either buried or exposed. As expected, the vast majority of sites predicted are in the more conserved first helix and the turn. There is a definite trend for hydrophobic residues to be predicted as buried and acidic and basic residues to be exposed.
Phylogenetic Analyses
Three methods of phylogenetic reconstruction were attempted to resolve the evolutionary history of the HTH domain. The neighbor-joined phylogeny of the HTH motif (Fig. 5 ) exhibits a lack of bootstrap support, preventing any strong conclusions from being drawn from it. This lack of phylogenetic signal is not surprising given the extreme amount of divergence seen among these proteins. None of the three most-parsimonious trees (not shown) shows robust statistical support. The method of split decomposition (Huson 1998) , which allows sequences to be joined in either a network or a traditional bifurcating tree, generated a near-perfect star phylogeny.
Despite the lack of a robust phylogeny, some relationships are observed in both the alignment and in the phylogenetic methods. Three of the bacterial families, lysine repressor, arsenical repressor, and tetracycline repressor, are consistently associated. The close sequence relationship of ArsR and TetR is mirrored by similarities in function. Both families are active as homodimers, both repress transcription at the associated operon, and most interestingly, both lose their repression upon binding of a metal ion (Hinrichs et al. 1994; Ji and Silver 1992) . Only three other families are associated with metal binding (MerR, Cro, and the lim homeodomains), but none in a similar manner. Unfortunately, these functional properties are not seen in the third member of the group, LysR. This protein operates as a homodimer or homotetramer and shows no metal-binding affinity. Overall, the reason these three families associate is not readily apparent.
Another consistent relationship is seen between the LexA repressor and the eukaryotic protooncogene Myb. There is little functional similarity between these two families, the LexA repressor controls genes involved in the response to DNA damage, while the Myb oncogene's cellular counterpart regulates cell proliferation. There is a vague similarity between the consensus binding sites of the two clades, but nothing that is statistically unexpected given the short nature of a DNA binding site. Nonetheless, the sequence similarity (40%) between the HTH motifs of these two proteins is remarkable.
Conclusions
The evolution of the HTH family of proteins has been marked by strong evolutionary forces maintaining a specific secondary structure (the HTH structure) and a single function (sequence specific DNA binding). Little primary sequence similarity remains in the proteins out- side of the domain itself. So much divergence exists outside the domain that it suggests that the HTH motif may be the only commonly derived region of the protein. This pattern has been seen before in other transcriptional activators. The helix-loop-helix family has been shown to have derived from a common ancestor consisting of the DNA-binding domain alone, with later incorporation of sequences flanking the domain (Morgenstern and Atchley 1999) . Even within the HTH family (e.g., the myb protooncogene), there is little evidence for relationship among the regions outside its extended HTH motif between plant and animal homologues (Rosinski and Atchley 1998 ). All of this implies that the HTH domain may well be the unit on which evolution is acting.
Many of the currently proposed HTH proteins have been identified by primary sequence similarity and by secondary or tertiary structural similarity to other known HTH proteins. The consequence of this is a collection of HTH subgroups (clades) with a high internal similarity but among which there is little or no nucleic or amino acid similarity. It has been hypothesized that the process of binding DNA is a relatively simple function for a gene to acquire and could have evolved many times, as independent solutions to a common problem of transcriptional regulation as evidenced by the zinc-finger, helixloop-helix, and leucine zipper protein families (Struhl 1989; Pabo and Sauer 1992) . This raises the question whether the highly divergent HTH proteins form an evo- lutionary lineage derived from a common ancestor or whether they are the result of the independent convergence upon an functionally active DNA-binding domain.
The sequence shuffling and two-connected network analysis strongly support the conclusion that the HTH family of proteins is predominantly a single evolutionary lineage related through the possession of a homologous DNA binding motif. Four clades (transposases, invertases, histone H4, and frequency proteins) were found to not share common ancestry with the larger family. Of the four clades omitted from the two-connected group, three do not directly control transcription. All of the members of the two-connected group do, further strengthening their exclusion. With the exception of these four clades, all of the clades of HTH proteins show similarity to at least two other HTH proteins, which is greater than expected for sequences of identical amino acid compositions. All of this argues that the similarity seen between the families is the result of a common origin, followed by extensive duplication and divergence. While it is conceivable that the 19 significantly similar subgroups of the HTH family arose through independent convergence, common ancestry followed by divergence is a much more likely mechanism.
There is little phylogenetic signal remaining within the short HTH motif. Short sequences are notoriously ineffective for the robust reconstruction of phylogeny. In the parsimony analysis the number of sequences far outweighed the number of parsimoniously informative sites (and for that matter all sites). So it was not surprising that robust phylogenetic reconstruction was ineffective. More unfortunately, it is unlikely that this will improve in the near-future since only a longer region of conserved primary sequence or better models of the evolution of structural elements would improve the analysis. As the HTH motif is already well defined, it is doubtful that the length of the region to be analyzed can increase, and structural evolution models are still likely years away.
The subset of bacterial regulatory proteins appears to have a single common ancestor. What is not known, however, is whether this ancestor is separate from that of the eukaryotic proteins. This is in large part because of the failure of phylogenetic reconstruction. The close sequence relationship between the bacterial LexA repressor and the eukaryotic protooncogene Myb rejects the hypothesis of a single monophyletic bacterial lineage separate from the eukaryotes. This relationship, along with the significant similarity seen between the homeodomain proteins with numerous bacterial proteins, strongly suggests that prokaryotic and eukaryotic HTH proteins are, however, homologous.
Finally, regarding the possibility of a relationship between the HTH and helix-loop-helix families of DNAbinding transcriptional regulators. It is intriguing to suggest an ancient relationship between these two structurally similar families of transcriptional regulators.
Both share general functions (DNA binding and transcriptional regulation) and have very similar higherorder structures (two ␣-helices separated by a variable linker region). There are observations implying a similarity between the myb protooncogene and the helixloop-helix-containing protooncogene myc (Ralston and Bishop 1983) . From our analysis, we find no relationship between these two diverse protein families. The sequence signature for the HTH family does not resemble the previously published model of the helix-loop-helix domain . Of course, this does not completely rule out the prospect of the two groups sharing a common ancestor, but in both studies, divergence is observed to be so great that all deep node phylogenetic information has been lost. It seems doubtful with such divergence that any meaningful or statistically wellsupported relationship could be found.
